Objectives: Aortic valve (AV) repair (AVr) has become an attractive alternative to AV replacement for the correction of aortic insufficiency; however, little clinical evidence exists in determining which biomaterial at AVr would be optimal. Cusp replacement in AVr has been associated with increased long-term AVr failure. We measured the hemodynamic and biomaterial properties using an ex vivo porcine AVr model with clinically relevant biomaterials and generated a finite element model to ascertain which materials would be best suited for valve repair.
Supplemental material is available online.
Aortic valve repair (AVr) has evolved into an attractive strategy for the correction of aortic insufficiency (AI) compared with valve replacement. 1 Successful repair can be achieved if the surgeon addresses the specific anatomic defects with high surgical flexibility, knowledge, and adequate surgical tools in the armamentarium. 2 Attempts to replace cusp tissue with biologic material have occurred since the 1960s with materials such as dura mater, fascia lata, and bovine pericardium. 3 Several groups have attempted to mimic autologous aortic valve (AV) tissue with biomechanical engineering strategies such as tissue bioreactors, 4 and others have studied commercially available biomaterials in various in vitro and in vivo settings. [5] [6] [7] The glutaraldehyde-treated bovine pericardial patch and treated and untreated autologous human pericardial tissue are common biomaterials used in both cardiac and vascular surgery. 1, 8, 9 Patch repair can be used in a variety of settings. These include repair of cusp perforation due to healed endocarditis or for cusp restoration after resection of a calcified or restrictive raphe of a bicuspid AV. A patch can also be used to improve cusp coaptation in pediatric AVr or to reconstruct a commissure when creating a bicuspid valve from a unicuspid AV or a tricuspid valve from a bicuspid AV. 8 An increased risk of long-term recurrent AI has been associated with the use of a patch in a number of studies 8, 10 that used a variety of patch materials. This might have resulted from the limitations of the existing biomaterials available for cusp reconstruction. Thus, although the perfect biomaterial has remained elusive, we sought to ascertain which materials would be best suited for cusp restoration during AVr. Using an AV-cusp restoration ex vivo porcine left heart simulator model, we measured the hemodynamics and biomaterial properties and developed a finite element model (FEM) comparing native porcine AVs and repaired AVs using clinically relevant biomaterials.
METHODS Ex Vivo Porcine AV Repair Model
Fresh aortic roots (n ¼ 25), with 6 cm of the ascending aorta, were dissected from healthy porcine (donated by a local commercial supplier), and the coronary arteries were ligated. All aortic roots were connected to the ViVitro Left Heart Simulator (LHS; ViVitro Systems, Inc, Victoria, British Columbia, Canada) for baseline valve measurements acting as paired controls. After the baseline recordings, a transverse aortotomy was created 1 cm above the sinotubular junction, and the noncoronary cusp (NCC) was resected, leaving a 3-mm cuff of tissue attached to the aortic wall. An outline of the excised cusp was used to create a 2-mm oversize cusp tissue from various biomaterials. The biomaterial was then connected, at both lateral edges, with two 6-0 polypropylene sutures (Ethicon Endosurgery, Johnson & Johnson, Inc, Montreal, Ontario, Canada). The patch was sutured using a continuous running suture. The aortotomy was closed in double layers with 5-0 polypropylene (Ethicon Endosurgery).
Biomaterials
We used 4 clinically relevant materials in the present study. The first material was derived from fresh porcine pericardial tissue taken from the same porcine heart to which the valve repair was performed. The biomaterial was kept in 0.9% normal saline and has been referred to as autologous porcine pericardium (APP). Next, a collagen-impregnated double-woven Dacron Hemashield patch (HEM; Maquet, Rastatt, Germany) was used. The next material used was CorMatrix (CorM; CorMatrix, Roswell, Ga): a biomaterial derived from porcine small intestinal submucosa and used for the repair of certain cardiac defects. 11 Finally, with >30 years of cardiovascular implantation experience, the PeriGuard bovine pericardial patch (BPP; Synovis Surgical Innovations, Deerfield, Ill) was used. All these biomaterials were used in the LHS model. In addition to the listed biomaterials, we considered another bovine pericardial patch donated by St Jude Medical (SJM; St Jude Medical, Inc, St Paul, Minn) to perform our FEM experiments (see the sections ''Finite Element Model'' and ''Simulation of Leaflet Repair''). The SJM Pericardial Patch with EnCap AC Technology (St Jude Medical) is a thinner, flexible bovine pericardial patch with a different anticalcification treatment than that used for BPP 15 (Table E1) .
LHS Measurements
The Vivitro LHS (ViVitro Systems, Inc) was used as a pulse duplicator with the capabilities of measuring flow and pressure and generating a wide range of cardiac outputs. This LHS consists of a piston pump system, a viscoelastic impedance adapter for afterload generation, an adjustable left ventricular (LV) membrane, flow and pressure monitoring systems, a waveform generator, and a data acquisition system. In addition, an adjustable jig was used to attach the repaired aortic roots to the system. A highspeed camera (Phantom, version 4.2, Vision Research, Inc, Wayne, NJ) was connected to an endoscope and light source to record images of valvular leaflet motion from the aortic side. Additional details have been described previously by our group. 12 For the valve hemodynamic measurements, the unrepaired or repaired aortic root was connected at room temperature to the LHS. The system, containing 0.9% normal saline (density, 0.9 g/mL; and viscosity, 1 mPa/s) as the fluid medium, was pressurized from 0 mm Hg to a systolic pressure of 120 mm Hg and diastolic pressure of 80 mm Hg. The heart rate was set at 70 beats/min for all experiments, and the cardiac output was varied from 2.5 to 6.5 L/min. The parameters measured included the valve opening velocity (VO), valve slow closing velocity (VSC), valve closing velocity (VC), maximum geometric orifice area (GOA), and LV work (LVW). The AI fraction was insignificant in all treated aortic roots.
Finite Element Model
Using the procedure outlined in our previous study, 12 a FEM of a typical unpressurized porcine AV with the root was built with the dimensions listed in Tables E1 and E2. The structured hexahedral FEM mesh consisted of approximately 11,800 nodes and 8600 elements. The valve model was studied for 1 cardiac cycle by application of set pressure pulses. 12 Because the analysis started from the unpressurized geometry, the pressure was ramped from 0 to 80 mm Hg before the physiologic cardiac cycle started in early systole. Although the normal duration of diastole is approximately 0.60 second, it was shortened to 0.10 second in the simulation to save computational time. In addition, the simulation time was 1/10 of the real time, because analyses with real or scaled time yielded results within 2% of each other owing to the comparatively small inertial loads. All numeric analyses were performed using commercial FEM software LS-Dyna, version 971 (Livermore Software Technology Corp, Livermore, Calif). The mass density of the aortic and leaflet tissues was set at 1000 kg/m 3 . The time step was automatically set and updated by LS-Dyna to achieve numeric stability of the solution. The longitudinal stretch ratio was set to the normal physiologic value of 1.20. 13 The tissues of the aorta and aortic leaflets were both modeled as hyperelastic, transversely isotropic materials using a Fung-like model with strain energy function:
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where c 1 , ., c 4 are material constants, E . are deformations (Green strain components modified to only include the effects of volumetric work), and the subscripts q, z, and r refer to the circumferential, longitudinal, and radial directions, respectively. P is a Lagrange multiplier numerically enforcing the material near-incompressibility such that J, the determinant of the deformation gradient tensor, is almost equal to 1. Although this material model was initially developed to represent myocardial tissue, it has been shown to give accurate representations of human aortic and leaflet tissue. 14 The material constants for the original porcine model are listed in Table E1 . The unknown constant c 4 in the material model was assumed to equal c 3 (see Labrosse and colleagues 14 for our justification).
Simulation of Leaflet Repair
With all other parameters unchanged, the thickness and material properties of the NCC in the original porcine valve model were modified to represent those of the biomaterials considered in the present study. The biomaterial properties were measured using static pressurization experiments. Each sample was sutured into a cylinder, cannulated at 1 end, capped at the other, and placed in normal saline at room temperature. The sample was held horizontally by the cannulated end, which was connected to a saline solution head, whose pressure was measured using a digital manometer (33500-082, VWR International, Mississauga, ON, Canada). The sample was preconditioned by three 1-minute pressurizations from 0 mm Hg to 160 mm Hg to 0 mm Hg. The elongation of the sample was monitored using a digital camera (Powershot IS2, Canon, Tokyo, Japan), with 2 markers affixed to it. For the measurement run, the pressure was slowly stepped up from 0 to 160 mm Hg in 20-mm Hg increments. Cross-sectional views of the loaded sample were acquired using an ultrasound external probe (Terason SMARTProbe, 5-8 MHz, 4-cm linear array ''T'' probe; Teratech Corp, Burlington, Mass) driven by the personal computer-based TelaVet 1000 system (Classic Medical, Tequesta, Fla). The corresponding images synchronized with the pressure steps were stored. Processing of similar data has been previously detailed 14 ; in the present study, it yielded the properties listed in Table E1 . Figure 1 illustrates the circumferential and radial direction stress-strain relationships for the various biomaterials (color coded) under equibiaxial planar testing driven in tension. In all the FEMs, the maximum values of mechanical Von Mises stress in the leaflets were determined, with their location and timing. Von Mises stress summarizes in 1 number the stresses present in different directions of the material at 1 specific location. In addition, to evaluate the VO and VS, the GOA of the valve was measured as a function of time from the calculated leaflet motions throughout 1 cardiac cycle. This was done using the postprocessor of LS-Dyna to take top view snapshots of the valve at regular intervals during the cardiac cycle and measuring the projected area left open by the leaflets.
Statistical Analysis
Statistical analysis was performed using STATA, version 12, statistical program (StataCorp LP, College Station, Tex). Nonparametric data are expressed as the median and interquartile range. Wilcoxon-signed rank tests were used to determine the significance between the paired sample sets, and the Kruskal-Wallis rank test was used for >2 sample sets.
RESULTS
A total of 25 fresh porcine aortic roots underwent baseline measurements. The AVs subsequently underwent randomized allocation to NCC excision and cusp replacement with APP (n ¼ 7), HEM (n ¼ 7), CorM (n ¼ 5), and BPP (n ¼ 6). Each unrepaired and repaired AV underwent 3 sample runs at set cardiac outputs of 2.5, 5.0, and 6.5 L/min.
Hemodynamic Results From LHS
For appropriate comparisons, each treatment sample was compared with its original valve measurements (paired experiments). Compared with the baseline valve hemodynamics, the APP biomaterial demonstrated significantly lower VO (P ¼ .02) and VC (P ¼ .03) values (Table 1) . Finally, after comparing the BPP-repaired valves with baseline valve hemodynamics, no significant differences were observed in VO (P ¼ .4), VSC (P ¼ .08), VC (P ¼ .8), GOA (P ¼ .5), or LVW (P ¼ .4; Table 1 ).
As expected, when the native nonrepaired porcine valve hemodynamics at cardiac output settings of 2.5, 5.0, and 6.5 L/min were compared, the LVW and VO increased with increasing cardiac output (P ¼ .001 and P ¼ .002, respectively; Table 2 ). The differences for all other parameters, including GOA, were not statistically significant (P >.05; Table 2 ).
Finite Element Model
All FEMs opened and closed properly. The hemodynamics (VO, VC) of the repaired valves were not distinguishable from those of the original valves ( Table 3 ). The repaired valves opened and closed more slowly than did the original valve by, at most, 9%. The GOA of the repaired valves was 6% to 9% smaller than that of the original unrepaired valve. In the repaired valves, all biomaterials produced different maximum Von Mises stresses in all leaflets (NCC and left and right nonreplaced coronary cusps; Table 3 ). The replaced leaflets (NCC) with the smallest stresses were made of SJM and APP. In the NCC, the stresses in SJM and APP were 4% and 5% greater than the stresses in the native leaflets, respectively. In contrast, the replaced leaflets that experienced the greatest stresses consisted of HEM (þ30%), CorM (þ13%), and BPP (þ12%). Owing to the interaction between the AV cusps during coaptation, the stresses in the nonreplaced leaflets were also affected by the material used. The smallest increases in stress experienced by the native leaflets (left and right nonreplaced cusps) were 9% when HEM was used for the replaced leaflet, 24% with SJM, and 26% with APP. The greatest increases in stress were 32% with CorM and 27% with BPP. Finally, after combining the Von Mises stresses of both replaced (NCC) and nonreplaced (left and right) cusps, the SJM biomaterial had the lowest increase in stress at þ28% (3968 kPa), followed by APP with þ31% (4047 kPa) compared with the native unrepaired model. The greatest increase in combined Von Mises stress was found in the CorM group (þ45%; 4282 kPa) followed by the HEM (þ39%; 4158 kPa) and BPP (þ39%; 4158 kPa) groups. An illustration of the Von Mises stresses experienced on the AV cusps is depicted in Figure 2 .
DISCUSSION
Given the limited durability of AVr in the setting of patch replacement for cusp tissue, our objective was to determine which biomaterials would be best suited for AV cusp repair. Using an ex vivo porcine AV LHS model to assess the valvular hemodynamics and FEM to assess leaflet stress, we compared a variety of clinically relevant biomaterials. We found that the postrepair LVW did not increase, despite a decrease in GOAs in the HEM and CorM groups. Our ex vivo LHS model suggested that BPP would be best suited for AVr. However, the FEM demonstrated increased cusp stresses in the BPP, HEM, and CorM groups. The increased cusp stresses, after a significant amount of exposed force, might be associated with late repair failure. APP and the thinner SJM pericardial patch had the closest profile to normal AVs and would be best suited for AV cusp repair.
Although clinical experience has suggested increase rates of recurrent AI in repaired AVs when patch material has FIGURE 1. Representative circumferential and radial stress-strain properties of the original leaflets and corresponding biomaterials derived from equibiaxial planar testing (Cauchy stress, kPa; Green strain, %). Original, Native unrepaired valve; Rad, radial direction; Circ, circumferential direction; APP, autologous porcine pericardium; HEM, Hemashield; CorM, CorMatrix; BPP, bovine pericardial patch; SJM, St Jude Medical patch. been used for reconstruction, 8, 16 translating this finding to a clinically relevant preclinical model poses significant challenges. Given the nature of AV cusp repair, a large animal model would be required, because small animal models would be associated with significant technical limitations. The absence of large animal models for AV disease, the challenges in performing complex AV interventions in such animals, and the need to allow these animals to survive for months (if not longer) to observe clinically relevant changes are some of the challenges. As such, models that provide detailed information on valve dynamics, complemented with data on valve stresses, will be the best surrogate indicators available to ascertain the long-term performance of cusp repair materials. Moreover, similar approaches have been used in the development of prosthetic valves. 17 We, therefore, used such a combination in the present study.
The clinical applications of autologous human pericardial tissue have included AVr, aortic root enlargement, and LV aneurysm repair. 1, 9, 10, 18 Because APP has characteristics similar to those of human pericardial tissue, APP was used in the present study as a surrogate to human pericardium. 19 The APP used was derived from fresh porcine pericardium and had poor handling qualities owing to its fragile structure. The postrepair VO (P ¼ .03) and VC (P ¼ .02) were significantly reduced compared with those of the unrepaired valves; however, the GOA and LVW were unchanged. Thus, APP would be a reasonable biomaterial choice because it demonstrates similar native valvular hemodynamics. Next, when the HEM patch was used to replace the NCC, the VC (P ¼ .01) and GOA (P <.05) were significantly reduced, but the other parameters, including LVW, VSC, and VO, were similar. This suggests that, despite the lack of increased LVW, the restricted noncompliant nature of the HEM material led to slower VC and a smaller GOA. Although the HEM has been used for aortic root enlargement and LV aneurysm repair and has also been known for its mechanical strength 20 and long-term durability, 21 it has not been used for AVr in the clinical setting. 22 Our results have shown that it is likely that it should continue not being used for AVr.
With the use of CorM for AVr, all valvular hemodynamic parameters, including VO (P ¼ .0001), VSC (P ¼ .01), VC (P ¼ .0001), and GOA (P ¼ .0001) were significantly reduced compared with the baseline values. A slight increase was found in LVW after CorM repair, but the difference did not reach statistical significance (P ¼ .4). From all these early hemodynamic measurements, the CorM biomaterial might not be the most ideal product for AVr. CorMatrix is an approved sheet for the use in cardiac surgical septal repair 23 and pericardial closure 24 ; however, little information has been provided in published studies reporting on clinical applications for AVr. 11 In addition, our ex vivo and FEMs evaluated CorMatrix before autologous cell seeding, which might alter its biomaterial properties and might not represent the long-term repair characteristics. After repair with BPP, the valvular hemodynamics did not change across all parameters (VO, VSC, VC, GOA, and LVW). With the easy handling properties, these findings suggest that BPP is a reasonable choice for biomaterial selection in AVr. Some studies have demonstrated good short-term outcomes after cusp restoration with the bovine pericardial patch 25 ; however, long-term recurrent AI was demonstrated in a predominately porcine pericardial patch technique used for cusp restoration. 8, 16 Also, fresh and dye-mediated photo-oxidation process (PhotoFix) autologous pericardium showed a trend toward better durability than glutaraldehyde-fixed bovine pericardium. However, the predictors of reoperation did not include the biomaterial used in their study (a pediatric population). 26 In contrast, 1 group demonstrated that the use of a pericardial patch at AVr was a statistically significant predictor of reoperation, further complicating the choice of material to use. 27 The valvular hemodynamic measurements from our ex vivo LHS model suggested that APP and BPP would be the best suited biomaterial candidates for AVr; however, no information was available regarding the stress and strain experienced by the AV cusps. Our FEM demonstrated that although the VO, VC, and GOA values did not differ by >9% (range, 0%-9%) among all biomaterials and unrepaired valves, the Von Mises stresses varied significantly among the biomaterials in both the NCC (replaced cusp) and the left and right nonreplaced cusps. Von Mises stress represents a combination of all stresses acting on a particular site. 28 This variable has been measured in previous studies in determining specific locations (ie, the aortic commissures) with greatest dynamic and static stresses. 12, 14, 29 By understanding the values and patterns of valvular stresses, surgeons will be able to use better, more stresscompatible biomaterials in the reparative process, thereby reducing the incidence of AVr-related failure. 8, 10, 16, 30 The SJM bovine pericardial patch resulted in the least increase in the NCC (þ4%; 1809 kPa) and left and right nonreplaced cusp (þ24%; 2159 kPa) stresses. Similarly, the APP demonstrated the next least increase in the NCC (5%; 1841 kPa) and left and right nonreplaced cusp (þ26%; 2206 kPa) stresses. Other groups, including the HEM, CorM, and BPP, demonstrated combined increased stresses ranging from 39% to 45% compared with baseline. Thus, from our FEM results, the SJM and APP represent the most ideal biomaterials for AVr. Although the ex vivo data suggested that BPP would be best suited for AVr, the FEM showed that the total cusp stresses were the second greatest in this group and that it might not be the ideal biomaterial.
In the present study, we used a model that studies the detailed early hemodynamic parameters after AVr. The effect of remodeling of the biomaterial over time on cusp function was not evaluated. Future long-term experiments are warranted to establish a direct correlation between the early hemodynamic profiles of various biomaterials and their failure rate. Furthermore, other factors, including the long-term biocompatibility of the leaflet materials and inherent predisposition to calcification or degradation, were not measured, limiting our final conclusions. Other limitations included the lack of an in vivo model to evaluate the postrepair hemodynamics and the use of a mathematical FEM to derive the stress patterns. Although an in vivo model could provide more realistic settings, it would be difficult to perform the precise measurements of valve function used in the present study. Furthermore, the FEM in the present study has been used extensively in cardiac surgical studies, providing information not readily available from in vivo studies. 14, 29 Altogether, the results from the present study have demonstrated that postrepair LVW did not increase, despite a decrease in GOAs in the HEM and CorM groups. Although the ex vivo LHS model suggested that the BPP would be best suited for AVr, the FEM demonstrated increased stresses in the BPP, HEM, and CorM groups, which might, after prolonged exposure to additional forces, be associated with late repair failure. Finally, APP and SJM had the closest profile to the normal AVs in both models of 
